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IN  a previous  paper'  (hereafter  referred  to  as  A)  we  have 
suggested  the  possibility  of  the  existence  of  “T  deuterons”: 
particies  involving  a nuciearly  stable  structure  of  a proton  bound 
to  a neutral  K.*  These  V deutcrons  are  subject  to  nonmesonic  and 
mesonic  decay  according  to  the  schemes: 
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^“|■^“hx"*-|- *»35-Mev  K.E. 
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Schemes  (3')  and  (4)  were  not  mentioned  in  A;  on  the  basis  of 
charge  symmetry,  scheme  (4)  should  obviously  occur  if  scheme  (2) 
occurs,  while  scheme  (30  is  an  alternative  to  (3)  since  the  n and 
p may  on  occasion  be  produced  in  a bound  (deuteron)  state.  The 
relative  probabilities  of  the  nonmesonic  decay  scheme  (I)  and  of 
the  mesonic  decay  schemes  (2),  (3),  (3  ),  (4)  have  been  shown  in 
A to  be  of  the  same  order  of  magnitude-,  the  mean  life  of  the  V 
deuteron  bas  been  shown  in  A to  be  of  the  same  order  as  the 
mean  life  (for  the  mesonic  decay)  of  a free  P (■•3XI0"'*  sec). 

We  now  wish  to  point  out  that  an  alternative  structure  of  the 
y deuteron  is  also  possible,  namely  i.e.,  a nuciearly 

stable  structure  of  a neutron  bound  to  positively  charged  V ; this 
alternative  V deuteron  will  also  be  capable  of  decay  according  to 
schemes  (1)  through  (4)  but  with  a considerably  larger  kinetic 
energy  relew,  since  the  rest  energy  of  the  K*  is  some  S5±40  Mev 
larger  than  the  rest  energ>-  of  the  I •C3f(P)"(218S±10)f«,; 
Af(E*)~(23S0±80)»f,].» 

In  addition,  particles  which  might  be  called  "negative  V 
dcuterons,”  "V  ^protons,”  and  "V  dineutrons"  can  be  nuciearly 
stable  even  if  tbe  “specifically  nuclear”  attractive  forces  between 
nucleons  and  E’s  in  various  angular  momentum  states  are  no 
stronger  than  tbe  corresponding  forces  between  nucleons  and 
other  nucleons.  For  unlike  ordinary  dinucleons,  all  of  these 
"V  dinucleons”  can  exist  in  *5i  states  (Pauli  exclusion  inoperative 
between  a V and  a nucleon);  moreover  the  relatively  greater 
mass  of  the  V will  tend  to  increase  the  binding  energy  of  a K 
dinucleon  relative  to  that  of  a deuteron.  Having  postulated  the 
existence  of  these  particles,  one  must  envisage  the  following 
l>ossible  mesonic  and  nonmesonic  decay  schemes: 
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suming  comparable  mean  lives  (for  the  mesonic  decay)  of  the 
free  »■'•,  the  free  and  the  free  while  the  branching  ratios 
for  the  mesonic  and  nonmesonic  decays  will,  as  before,  be  of  the 
order  of  unity.' 

It  is  very  interesting  to  note  that  the  mesonic  decay  of  a V 
dineutren  according  to  scheme  (13')  will  appear  in  an  emulsion 
or  a cloud  chamber  as  the  two-body  decay  into  a deuteron  and  a 
»■  meson  of  a neutral  particle  with  mass.  C{23S0±8O)-f{1836J 
— CE~+^D  binding  energy ]w,'a(4180±80)m,.*  .A  decay  of  just 
this  type  has  recently  been  reported  by  Lai,  Pal,  and  Peters*  who 
estimate  the  mass  of  the  neutral  particle  as  (4120d:20)m,. 

It  should  also  be  mentioned,  as  pointed  out  to  us  by  Bolsterli, 
that  neutral  particle— rvisible  {p+r^i  decays,  with  a Q (calcu- 
lated on  a two-body  basis)  considerably  different  from  (e.g.,  ver>- 
much  larger  than),  35-40  Mev,*  might  actually  be  E-dineutron 
decays  according  to  schemes  (13)  or  (10).  On  such  an  assumption, 
these  anomalous  Q values  would  form  a distribution  with  an 
upper  limit  given  by  the  Q of  tbe  V~  decay  (>=^125  Mev). 

We  wish  to  thank  Professor  K.  D.  Sard  for  a helpful  discussion. 
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' \V.  Cheeton  and  H.  Prlmakoff.  Phyn.  Rev*.  92.  1537  (1953). 

’According  to  a notation  now  coming  into  use:  P*.  V*.  a*.  A” 

• neutral.  iMMitive.  negative  hyperon. 

•We  take  38  Mev  for  the  Q value  of  V*— and  that 

(P").  Q N'ahiea  for  the  decay:  P’-meutron-f-»*  may  be 
obtained  from  Lai.  Pal.  and  Peters.  Phys.  Rev.  92.  438  (1953).  (0**13.S 
:i;35  Mev);  King.  Seeman.  and  Shapiro.  Pliys.  Rev.  92.  838  (1953). 
(C?“U)3±20  Mev);  M.  Ceccarelli  and  M.  Merlin.  Nuovocimento  10.  1207 
(1953)  (0**131:i;24  Mev).  We  also  supixwe  that  the  V*  iiosseases  the 
alternative  decay  scheme;  V'*^-«proton  -l-e*  C^ith  a 0.  according  to  Bonetti. 
Srttl,  Panettt.  and  Tomastnt.  Nuovo  cimento  10.  1736  (1953).  of  115.3 
Mev  j. 

•We  take  the  binding  energy  as  ««3  Mev;  assumption  of  the 

scheme  UO')  would  predict  a mass  of  (4015  :i;10|m«  for  the  neutral  particle. 
ikTovlded  that  the  binding  energy  is  also  taken  as  ^3  Mev.  We 

also  supiwse  that  the  rates  of  the  energetically  possible  procesaes: 
+ and  not  appreciably  greater  than 

«IO»*  sec“L 

•La*.  Pul.  and  Peters  (reference  3). 

•Leighton.  Wanlass.  and  Anderson  C^hys.  Rev.  99.  148  (1953)3  hnd. 
hi  decays  of  neutral  iiarticles  into  p +r~.  0 values  ranging  from  10:l;3  Mev 
to  87:£)5  Mev;  it  is  likely  that  at  least  several  of  these  anomalous  ()‘s 
are  not  consequences*  of  exii^rimental  error. 
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LXlbncentration  of  a Cyclotron  Beam  by  Strong  Focusing  Lenses* 
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r strong  fiKiisin^  nu^nrlit  U*ns(*s  ha>  Im-tt  iim'iI  in  Koitrciitratr  :i  part  of  tlu*  t'.xttTital  Itratn  front  llu' 

NL^iJIWilllon  I'niviTsIly  rydotroii.  Tltc  Irnsts  huiis  ilic  l»cani  ai  disiamcs  up  lo  ni>Mr  iiiait  f«)ur  meters 
llu'otui^e  einl  of  the  eyelttlron.  *riiis  prcMlures  approximately  an  ei^lilfoM  improvement  in  1 cam  intensity. 


ay  _ 

crC"*"  f'‘'T^INTRODUCTION 

The  I)ej)artinent  of  Physics  at  \\  asltiiii'toii 
University  o])erates  a 45-iii.  fixed  frequency 
cyclotron  which  jiroduces  10  .'lev  deuterons,  20  Mev 
al])ha  jrariiclcs,  or  5 Mev  ])rotons  (by  iicceleratinc 
niolecidnr  hydrogen  ions').  Tlie  deutcron  l)Ciini  is  used 
most  commonly,  and  external  currents  of  2(K)  micro- 
ani])cres  and  higher  are  easily  maintained.  The  cyclo- 
tron has  been  use<l  extensively  to  jiroduce  r;idio;iciivc 
isotopes;  in  addition,  a number  of  attenijits  have  been 
made  to  use  its  external  beam  to  im'estigiite  nuclear 
reactions. 

The  cyclotron  is  inherently  Ic.ss  well  suited  for 
studying  nucle.-ir  retictions  tbiin  the  \'aii  de  (iniiif 
generator.  For  maximum  utility  in  siii  h studies,  ;i 
stream  of  projectile  particles  is  desired  which  is  sull'i- 
cicntly  intense,  well  collimated,  highly  nionoenergetic, 
iiiid  jtreferably  variable  in  energj'  in  an  eti.sily  controlled 
way.  Moreover,  the  experimentiil  area  should  be  :is 
free  as  pos.sible  from  undesirable  background  radiations. 
The  \'an  de  Graaff  generator  fulfills  all  of  these  re- 
quirements; its  only  drawback  is  that  the  mtiximum 
available  [irojectile  energy-  is  rather  low.  iq)  to  4 or  ,S 
Mev,  and  can  be  increased  only  by  the  expenditure  of 
considerable  effort. 

By  contrast,  the  cyclotron  ])roduces  a generous  ex- 
ternal beam  of  fairly  high  energy,  which  spreads  out  in 
a wide  diverging  fan  as  it  leaves  the  machine.  Radia- 
tion background  is  high  and  extensive  shielding  is 
mandatory.  Because  the  beam  fans  out  so  much,  the 
beam  intensity  is  actually  very  low  at  distances  far 
enough  away  that  the  background  is  low.  The  particle 
energy  is  not  very  well  defined  (for  10  Mev  deuterons 
.a  sjtread  in  energy  of  40  to  60  kev  is  common),  and  it 
is  not  .susceptible  to  variation  in  any  simple,  ea.sy  w.ay. 

A number  of  successful  attempts  have  been  made  to 
overcome  the.se  shortcomings  of  the  cyclotron  as  a tool 
in  nuclear  reaction  studies.  .-\t  the  University  of 
Rochester'  a single  electromagnet  is  used  ti.'  bend  and 
focus  the  external  beam,  following  the  method  jiro- 
nosed  by  Uro.ss.-  .-\t  the  University  <if  I'ittsbur^Ii,’'  a 

• .-\ssistpd  by  the  joint  |)ro(;ram  of  ihr  t'.  S.  Ollico  of  Vaval 
Research,  ami  the  U.  S.  .-\!on)ic  Energy  Commission. 

‘ I).  Brnmicy,  [irivalc  conversation. 

^ \V.  C.  Cross,  Rev.  Sei.  Inslr  22.  717  (Ib.St). 

^Precision  Scattering  I’rnject.  Report  No  2,  (May,  lU.iit 
Scaife  RarJiation  l.aboratory,  I'niversily  of  I’illsbnrgh 


very  elabortttc  system  of  successive  electromtignets 
concentrates  and  ;tnaly'/cs  the  betim,  and  it  is  jtossible 
to  achieve  tin  a[)prcH:iable  n:.rrowing  of  the  energy 
sjtread  to  as  little  as  if)  kev  for  8 Mev  [trotons.  Such 
itrrttngeinents  as  these  are,  unfortunately,  not  particu- 
larly feasible  for  u.sc  with  the  Wa.shington  University 
tyclotron.  The  iliief  retison  i.s  that  the  machine  is 
boused  in  ;i  regrettably-  small  underground  room,  with 
no  spiicc  available  for  exitansion.  It  would  be  difficult 
to  s()uctv.e  in  hirge  heavy  elect romttgnets  plus  adequate 
shielding  and  still  h;i\-e  sjuice  for  research  ajqraratus. 

The  recent  projiosiils  by  Uourant,  Livingston,  and 
.Snyder*  to  focus  charged-particle  beams  with  hyper- 
bolic nuignetic  fields  have  o|)ened  up  an  attractive  new 
avenue  of  approacit  to  the  problem.  They  iiointed  out 
that  a .se<|ueiue  of  ptiirs  of  quadrupole  in.-ignets,  with 
hypcrholic  iiole  faces,  act  as  len.ses  which  can  he 
arranged  .so  as  to  concentnite  a beam  of  charged 
particles  without  changing  the  general  direction  of  the 
beam.  This  notion  is  itarticularly  aiiprojiriate  to  the 
problems  of  the  Washington  University  cyclotron, 
since,  by  sheer  good  fortune,  the  maximum  available 
space  lies  in  the  direction  in  which  the  beam  is  already 
heading.  Such  magnetic  lenses  offer  the  attractive 
I)ossibility  of  increased  intensity,  brought  about  by 
comjtact  and  inexitensive  equipment.  To  be  sure,  no 
im])rovement  of  energy  sjiread  will  result,  nor  will  the 
beam  energy  be  variable.  Still,  the  jirospect  of  am 
adequately  intense  e.xternal  beam,  brought  to  focus /(t 
■.<  [)oint  far  aw.ay  from  the  cyclotron  and  frorryihe 
worst  of  the  background  radiation,  rejtresents  a worth- 
while and  attainable  goal.  .Accordingly,  we  have  de- 
signed, built,  and  tested  a hyperbolic  lens  [tair  for  this 
[)urpose,  with  successful  and  satisfying  results.  Re- 
cently Cork  and  Zajec^  have  reported  on  a similar 
project,  u.sing  two  lens  pairs,  for  the  6()-in.  cyclotron 
at  Berkeley. 

EQUIPMENT 

.A  photograph  of  one  of  the  magnet  cores  is  shown 
in  Fig.  1.  It  is  fashioned  of  mild  steel,  has  an  external 
diameter  of  25  cm  and  length  of  10  cm,  and  the  separa- 
tion between  op[)osite  i)ole  ti]).s  is  4.0  cm.  Each  core  is 
m.ide  in  (|uadnints  which  tire  strapjied  together  by  a 

* (’ouran'.  I.ixi.igstoii,  aiu!  Snyder,  Phys.  Kev.  88,  tt'K)  (t^52). 

U.  Cork  and  F!.  Zajee,  Phys.  Rev.  92,  855(A)  (t9.S5). 
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surroumiing  iron  haiui.  Steel  itiiis  are  used  to  insure 
proiier  relative  itositioning  of  the  quadrants. 

A completeh'  assembled  mantlet  is  shown  in  l-'i>',  2, 
Each  of  the  four  e-xcitinj,'  coils  has  WX)  turns  of  N’o.  14 
wire  with  I'ornivar  insulation,  (’ojiiter  tubing  for 
water-cooling  was  buried  withiti  each,  coil  as  it  was 
wound.  Power  is  supiilied  by  a lic  generator  to  the  four 
coils  in  series,  and  currents  in  the  range  from  tw!>  to 
si.x  amperes  are  commonly  reqiiiretl.  The  [ntwer  re- 
quirement for  one  magtiet  is  about  ,1(X)  watts  at  siv 
amperes  when  the  coils  are  warm.  The  two  magnets 
are  supplied  in  itanillel  from  a single  generator,  with 
separate  control  resistors  and  ammeters. 

The  magnetic  field  in  the  pole  gap  was  measured  with 
a small  flip-coil  and  ballistic  galvatiometer  over  a wide 
range  of  e.xcitation  currents.  The  hyperbolic  pattern 
of  the  lines  of  force  is  quite  rigorously  tnaintained  even 
with  currents  as  high  as  10  amperes,  and  sjitnration  of 
the  core  is  barely  noticeable  at  nine  anqieres. 

TEST  ARRANGEMENT 

The  cyclotron  beam.,  after  it  jiasses  the  e.xit  strip 
(septum)  on  the  dec  and  is  [tecled  away  by  the  deflector 
and  bj'  the  decreasing  m.agnetic  field,  executes  a kind 
of  graceful  unwinding  sjtiral  path,  while  ;ii  the  same 
time  fanning  out  rather  widely  in  the  horizotital  platie. 
Some  of  the  beam,  if  tillowed  to  riiti  free,  would  en- 
counter the  cyclotroti  magnet  and  be  stopped,  attd  is 
therefore  not  useful.  The  retnaitidcr  would  skirt  past 
the  corner  of  tiiC  cyclotron  magtiet  into  a regioti  which 
ia  essentially  field-free.  Here  the  unwinding  spiral 
orbits  degenerate  into  a family  of  diverging  straight 
lines  which,  if  extrapolated  backward,  would  ai)|>car 
to  intersect  approximately  at  a [wint.  The  magnetic 
lenses  were  placed  in  this  field-free  region,  as  close  as 
possible  to  the  outside  comer  of  the  cyclotron  magnet. 
The  apparent  jxiint  of  intersection  of  the  diverging 


Fig.  t Quad-.upnir  maRnet  core,  with  hypcrholtc  i>i>lf  Ians 


^‘|G.  2.  ('oniplelcly  assi-mhlccl  iiiaRncl. 

Straight-line  orbits  is  thus  the  elTectivc  “object”  for 
the  lens  system,  .\  small  portion  of  the  diverging  beam 
is  conducted  tlirough  evacuated  tubitig  to  the  lens 
|Kiir,  where  a still  smaller  iiortion  {2.5>  cm  wide  and 
1.2.S  ctn  high)  is  permitted  to  etiter  and  jiass  through 
the  lenses.  The  evacuated  tubing  continues  through 
.ind  beyotid  the  lenses;  it  was  terminated  alternativel,\- 
with  either  (1)  a quartz  jihite.  to  obserx'e  the  beam 
pattern  by  fluorescence,  or  (2)  an  insulated  Faraday 
cup.  cotitiected  to  ground  through  a sensitive  galvanom- 
eter, to  measure  beam  currents.  The  Faraday  cup  was 
immediately  jireceded  by  an  a])erture  of  variable  size 
so  that  current  readings  could  be  inteqireted  in  terms 
of  l)cam  intensity. 

TESTS  WITH  A SINGLE  LENS 

The  first  tests  were  ])reliminar>-  in  nature,  to  study 
the  focusing  jtroiterties  of  a single  (]uadru]iole  lens.  .A 
single  lens  will  converge  the  beam  in  one  dimension, 
while  diverging  it  in  the  other.  The  lens  current  was 
adjusted  to  ])roduce  a sharp  line  focus  on  the  quartz 
plate  at  e.ach  of  several  different  distances  ()  beyond 
the  lens.  When  1 ()  is  ]ilotted  as  a function  of  the 
current  which  ])roduces  the  line  focus,  a straight  litte 
with  i>ositive  slope  results  (Fig.  4).  When  the  straight 
line  is  e.xtraix)lated  backward  to  its  intersection  with 
the  I ‘\>  axis,  the  intercejn  gives  the  negative  inverse 
of  the  “object”  distance.  In  this  way,  the  “object" 
was  found  to  be  a|)])ro.ximately  235  cm  in  front  of  the 
single  lens.  In  later  tests  using  two  lenses,  the  first  lens 
of  the  pair  always  occupied  this  same  position  relative 
to  the  “object.” 

f igure  3 maj'  also  be  u.sed  to  determine  the  focal 
length  of  a single  lens  as  a futiction  of  current.  Ordinates 
measured  from  the  above-mentioned  intercept  with  the 
I 'Q  axis  yield  the  inverse  of  the  focal  length. 
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Single-lens  lest.  /’  i.s  the  “olijat”  distance. 
See  text  for  details. 


currents  were  determined  for  each,  h'igure  5 shows 
how  ()  is  related  to  the  (loul)le  focusing  currents  I\  ffor 
the  (irsi  lens),  and  fj  (for  the  seconrl  lens). 

CHARACTERISTICS  OF  THE  DOUBLE 
FOCUSED  BEAM 

In  our  tesis,  a rectangular  itortion  of  ihe  cyclotron 
Iteani,  2..S  cm  wide  I)}’  1 .2.S  cm  high,  was  allowed  to 
enter  the  first  lens.  The  first  lens  acts  to  decrease  the 
width  and  increase  the  height  ; the  second  lens  does  the 
reverse.  The  tlouhle  f(x;used  image  is  airpro.ximaiely 
roumi,  hut  can  he  made  ohlong  h}-  minor  manipulation 
of  the  currents.  Various  characteristics  and  jtecuiiarities 
of  flic  tlouhle  focn.sed  beam  arc  summarized  as  follows: 


Singledens  tests  were  |)erfornied  with  each  lens 
separately  in  the  stime  |iosition,  with  |>erfcctly  con- 
sistenf  results. 

TESTS  WITH  TWO  LENSES 

The  behavior  of  a quadru))ole  lens  jtair  is  a function 
of  five  parameters.  These  are  (I)  the  “object”  distance, 

(2)  the  sejtaration  distance  between  lenses,  {.!)  tliC 
image  distance,  (4)  the  current  in  the  first  lens,  an<l  (5) 
the  curren*  in  the  second  lens.  Simultaneous  focusing 
in  two  dimensions  (double  focusing)  is  ftossihle  for  an 
infinite  number  of  combinations  of  values  for  these 
five  parameters:  but,  if  any  three  are  li,\cd,  the  other 
two  are  determined.  In  our  tests,  it  was  convenient  to 
fi.x  the  first  three  parameters  in  various  suitable  com- 
binations, and.  for  each  such  combination,  to  e.xperi- 
ment  with  the  two  currents  to  find  their  best  values  for 
double  focusing.  In  |)ractice,  the  “object”  distance  was 
always  235  cm,  the  separation  distance  was  either  ,10 
or  120  cm,  and  the  image  distance  (measured  from  the 
second  lens)  was  varied  over  a range  from  77  to  41 1 cm. 

In  general,  the  lens  pair  acts  like  an  astigmatic- 
optical  lens;  it  jtroduces  simultaneously  both  a vertical 
and  horizontal  line  image  at  different  distances.  This 
behavior  affords  a convenient  but  tedious  method  for 
adjusting  the  two  currents  to  obtain  double  focusing. 
While  one  current  is  held  constant,  the  other  is  varied, 
and  the  beam  pattern  is  observed  on  the  quartz  plate. 
As  the  second  current  is  varied,  the  beam  pattern 
passes  successively  through  a vertical  and  horizontal 
line  focus.  This  procedure  may  he  repeated  with 
successively  higher  values  of  the  first  current;  the  two 
line  foci  move  closer  together,  eventually  merge,  and 
finally  move  apart  but  in  reversed  sequence.  The  re- 
sults are  illustrated  in  Fig.  4;  the  ab.scissii  I’l  i>  the 
first  current,  held  constant  during  each  step  of  the 
procedure;  the  ordinate  is  the  variable  current  ij. 
Curve  H gives  values  of  it  which  jiroduce  horizontal 
line  images,  and  curve  V gives  vertical  line  images. 
Their  intersection  gives  the  double  focusing  currents 
Ii  and  It. 

This  routine  was  followed  for  each  of  a number  of 
different  image  distances  Q,  and  double  focusing 


(1)  When  the  )>ositions  of  Ihe  first  lens  and  of  the 
(|uarlz.  plate  are  held  constant  and  the  seitaration  dis- 
tance between  lenses  is  increa.sed  from  30  cm  to  120 
cm,  the  area  of  the  tlouhle  ftH'u.serl  image  decreases  by 
as  much  as  a factor  of  two.  This  flid  not,  however,  ap- 


I,  omp 


l-'ii;.  4.  I’rocnluri-  fur  I'mding  nugnet  currents  for  double 
focusing  .’ll  cm.  M.-igncts  .tl)  cm  ap.-irt.  Sec  text  for  ex- 

|>l.-iniition. 

pear  to  lead  to  increased  interisitj-  :it  the  focus  jtoint, 
which  suggests  that  .some  oi  the  beant  was  intercepted 
between  the  magnets.  .Since  compactness  seemed  de- 
sirable, all  of  the  results  discussed  in  the  following 
paragraphs  ajtply  to  a 30-cm  sejtaration  distance. 

(2)  The  size  of  the  image  increases  as  the  image 
distance  increases.  In  this  res))ect,  the  magnetic  lenses 
arc  similar  to  o))tical  lenses.  .-\t  (1=411  cm  the  image 
diameter  i.s  siightlj'  greater  than  13  mm.  .\t  ()=176 
cm  the  diameter  is  approximatelj-  6 mm,  and  this  is 
about  the  smallest  image  size  we  were  able  to  obtain. 

(3)  The  quadrupole  lens  jrair  suffers  from  second- 
order  defocusing  effects  which  are  analogous  to  spherical 
abberration  in  o))tical  lenses  .At  ()  = 4il  cm,  the  image 
rliameter  dro))s  from  13  mni  to  approximately  0 mm  if 
Ihe  initial  2.5  cm  b>-  1.25  cm  aperture  is  replaced  by  a 
9.5-mm  hole.  However,  the  image  intensity  falls  off 
badly  when  this  is  done. 

(4)  The  beam  intensilj-  is  not  constant  over  the 
whole  area  of  the  focused  image.  We  tested  this  at 
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()=411  cm  by  placi  ' :i])crtures  of  difTcrcnt  diameters 
at  the  fcKus  ]H)int,  just  ahead  of  tlie  Faraday  cup.  Flic 
resulting  variations  of  the  curretit  to  tlie  cup  suggest 
that  the  intensity  might  varj’  as  a futtctiott  of  radius 
(measured  from  the  center  of  tite  circular  intagc)  ap- 
proximately  as  shown  in  Fig.  6.  Wc  arc  liy  no  tneans 
certain,  liowcc'cr,  that  the  ititensity  is  :i  function  of 
radius  only. 

(5)  The  use  of  tl'c  lettscs  brings  ttbout  att  tivenigc 
increase  of  beam  intettsity  bj-  a ftictor  of  about  eight ; 
this  figure  was  arrix'cd  at  by  measitriitg  the  h'araday 
cu]>  current  (through  various  limiting  a])crturcs),  both 
with  and  without  curretit  iti  the  letis  ]tair.  This  should 
be  com])arcd  with  the  factor  of  .V)  reported  by  Cork  and 
Zajec.‘  The  diffcrcticc  cati  ])robably  he  c.xplaiticd  by 
these  facts:  (a)  Cork  atid  Zajee  itsed  two  lens  pairs 
instead  of  one,  attd  (b)  their  letis  aperture  was  .s  cm 
com]iare<i  with  our  4 cm.  Thus,  for  e.xample,  the  tirst 
]iair  might  be  u.sed  to  retider  the  beam  parallel;  the 
object  distance  for  ;hc  second  pair  is  then  ititittitc, 


I'lc.,  .S.  .Magnet  currents  which  prorlucc  doulilv  finnscd  im:ig>- 
at  various  distances  Q lieyon<l  second  ni.igncl.  .Magnets  ,W  cm 
apart. 

which  leads  to  small  tnagnitication  attd  a conceittratcd 
image. 

(6)  It  is  our  ex|)erietice  so  far  that  the  focu.scd 
beam  intensity  and  curretii  arc  critically  sensitive  to 
rather  minor  adjustmctits  in  the  tutting  of  the  cyclotron. 
Small  changes  of  the  deflector  voltage  or,  to  a lesser 
extent,  of  the  cyclotron  field  bring  forth  drastic  and 
erratic  changes  in  the  Faraday  cu])  current,  evett 


Rediut  from  ctnt«r  of  imogt  in  mm. 

I'n;.  (,  .\|>|>r(>Tim:itc  varbtion  of  intensity  in  ilmilily  focused 
image  at  ()=4tl  cm,  assuming  intensity  depends  on  radius  only. 
\!agncts  .til  cm  apart 

though  the  total  cxiernal  cyt  loiroii  heam  i.s  very  little 
ciiangcd  liiercby.  It  is  csscniial  that  the  cyclotron 
operator  should  follow  the  fluctuations  of  the  l''araday 
cup  current  and  coniinually  relune  the  machine  for 
niaxinuini  current. 

.\lorcover,  ilic  ^'a^a(I:ly  cu]>  current  rcsjionds  in  ;i 
peculiar  jiiid  soiiicwliai  (lislicarieniiig  way  when  wc 
increase  the  total  c.xternal  cyclotron  beam  by  boosting 
the  |x)wcr  input  to  the  machine.  I'or  example,  with  the 
cyclotron  giving  out  a 60  microampere  total  beam,  wc 
observe  a I-'araday  cup  current  of  0.65  microampere 
through  a 5 mm  aperture  at  the  focus  jioint  ((>=176 
cm).  If  wc  then  double  or  triple  the  total  beam,  the 
Faraday  cup  current  may  rcsjiond  sluggishly  with  an 
increase  by  a factor  of  no  better  than  jierliaps  1.2  to  1..S. 

Such  flighty  bclmvior  is  probably  connected  with 
changes  in  the  jiosition  iind  configuration  of  the 
“object”  of  the  lens  jiair.  It  is  to  be  liojied  that  our 
understanding  and  control  of  thc.se  jihenomena  will 
improve  as  our  experience  grow.s. 

Wc  are  indebted  to  .Mr.  Otto  KctxlofT  for  his  skillful 
and  patient  fabrication  of  the  magnetic  lenses  and 
associateil  cquiiiment.  and  to  Mr.  ,\.  ,\.  Schulkc,  Mr. 

B.  Phillijis,  and  the  rest  of  the  cyclotron  crew  for 
the  valuable  assistance  which  they  so  generously  gave. 
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The  cross  section  for  the  splitting  of  a photon  into  two  photons  in  a nuclear  electrostatic  fielil  has  l>een 
calculated  from  the  vacuum  polarization  Uain  'tonian  of  F.uler  and  others  to  first  order  in  for  low  eneiKj 
incident  photons  (^<»ic).  Kor  a favorable  ex  erimcntal  case,  photons  of  energy  840  kev  incident  on  lead 
with  antiparallel  prcnluct  photons  each  eniille.l  at  W'’  relative  to  the  incident  photon,  the  cross  section  is 


2 dX  I0"“  cm’,  sterad’. 


HE  nonlinear  terms  iti  the  ^'a.\\\ell  equations 
arising  from  the  i>olarization  of  the  vacuum*  result 
ill  several  interesting  effects  :coheretU  [ihoton  scatteritig 
hy  a nuclear  electrostatic  lieUl,'-’  scattering  of  photons  by 
jihotons,’  and  photon  splitting  into  two  [iroduct  photons 
in  a nuclear  electrostatic  field,  the  last  briedy  discussed 
hy  Williams.’  The  cross  .sections  for  the  first  two 

* Assisted  by  the  joint  program  of  the  U.  S.  OtVicc  of  Naval 
Research  and  U.  S.  Atomic  Knergy  Commission. 

t Holder  of  Shell  Fellowship  1952-10.54. 

* H.  Euler  and  15.  Kockel,  Naturwiss.  23,  .54f>  (19.55);  \V.  Heisen- 
berg and  H.  Euler,  Z.  Physik  98,  714  (1956);  H.  Euler,  .Ann 
I’hysik.  26,  398  (1956);  V.  Weisskoiif,  Kgl.  Danske  Videnskah. 
Selskal),  Mat.-fy.s.  Medd.  !4  No.  6 0 956). 

*M.  Delbruck,  Z.  Physik  84,  144  (19.55);  A.  .Achiescr  am!  I. 
Pomerantschuk,  Physik.  Z.  Sowjetunion  11,  478  (1957);  N. 
Kemmer,  Helv.  Phys.  Acta  10,  112  (19571;  N.  Kemmer  and  G. 
I.udwig,  Helv.  Phys.  Acta  10,  182  (1957);  F.  Kohrlich  and  R. 
Gluckstern,  Phvs.  Rev.  86,  1 (1952);  H.  .A.  Itethe  and  F.  Kohrlich, 
Phys.  Rev.  86, 'lO  (1952). 

’ O.  Hiilpern,  Phys.  Rev.  44,  855  (1955);  H.  Euler  and  H. 
Kockel,  reference  1;  H.  Euler,  reference  1;  R.  Karplus  and  M. 
.Neuman,  Phys.  Rev.  80,  380  (1950)  and  83,  776  (1951). 

* E.  J.  Williams,  Kgl.  Danske  Videnskah.  Selskah,  .Mat.-fvs. 
.Medd.  13,  No.  4 (1935). 


processes  are  cjuile  small  and  hard  to  verify  e.\peri- 
nietilally,  the  first  because  of  the  difficulty  in  separating 
out  the  coherent  .scattering  by  the  nuclear  electrostatic 
fteld  from  other  coherent  nuclear  and  atomic-electron 
photon  scatterings  (however,  see  Wilson^),  the  second 
because  of  ihe  lac.k  of  gamnia-ray  sources  capable  of 
furtiishing  enough  ixholons.  The  cross  section  for  the 
third  process  is  no  less  small,  but  strong  gamma-ray 
sources  are  available,  high-Z  nuclei  furnish  relatively 
large  electrostatic  fields,  and  energy  discrimination  can 
be  made  to  eliminate  unwanted  inelastic  scatterings 
which  act  as  a background  for  the  splitting  process. 

.As  calculated  in  the  following,  the  cross  section  for 
the  production  of  two  photons  opjiositely  directed  and 
perpendicular  lo  an  original  |>hoton  of  energy  1.65 
(in  units  of  me--  -0.84-Mev  y of  Mn®’)  incident  on  a 
nucleus  of  charge  / = 82  is  2..5X  cm-''sterad-.  (We 
use  energy-  units  of  me-  throughout.)  Of  the  product 
photons,  nearly  all  have  energy  between  0.4  and  l.d 


‘ R.  R.  Wilson,  Phys.  Rev.  90,  720  (1955). 
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due  to  a factor  (a  continuous  range  of  energies  for 
each  of  the  two  scattered  photons  is  allowed  by  the  con- 
servation laws:  k = ki-|-kj-t-K  and  iti-|-jfej-l- A?  '23/ 

— In  the  case  of  double  Compton  scattering 

from  electrons*  (a  competing  process  with  a cross 
section  per  atom  very  roughly  (2T^C'a(<^,'»u:‘)-/f  = 2.4 
X 10~-’ cm* 'steradO,  for  the  same  contiguration,  the 
conservation  equations  for  the  energies  of  the  two 
product  photons  have  the  form  k=K,  ki=kj,  and 
it-1- 1 = (A.-*-|- 1)*.  VoT  k=  1.6H,  these  give 

= 0.72.  The  energy  of  a single-Compton  scattered 
photon  under  the.se  circumstances  is  0.62  (random  coin- 
cidences might  comjtete  here  because  of  the  relatively 
huge  cross  section).  The  cross  section  for  double  Comp- 
ton scattering  from  nuclei  is  relatively  negligible 
(approximately  (2T*)~'Z*a[](/e)*;'.l  \f 

= 10“”  cmVsterad*).  'I'hus,  by  biasing  counters  to  ac- 
cept only  photons  in  coincidence  with  each  photon  en- 
ergy lying  between  0.7  and  1.6,s  — 0.7  = 0. 9.S  and  requir- 
ing that  the  two  energies  add  to  1.65,  most  of  the 
background  scattering  should  be  eliminated ; moreover, 
if  photons  are  accepted  only  in  this  energy  range,  the 
cross  section  is  still  about  7X  10~*‘  cm*/sterad*. 

This  cross  section  for  the  splitting  of  a photon  into 
two  photons  has  been  calculated  (in  lowest  order  in  o) 
for  small  incident  momenta  (tt<l)  from  the  equivalent 
vacuum  polarization  Hamiltonian  of  Euler  and  others:* 

H,=  - (aV360ir*)i:(/t/wR:)*-W]C(D*-  B*)*-+-7(D-  B)*] 

of  which  the  contributing  terms  are  (nuclear  electro- 
static field  D„,  photon  field  Dp,  Bp-,  D=Dp-fD„, 
B = Bp). 

— (a*/18(hr)C(A/wc)Vwc*J 

X[2Dp*Dp  D,-2Bp*Dp  D„+7Dp  BpD„  Bp]. 

By  using  a shielded  jxttential  for  the  nucleus, 

D„=  -Ze  grad{[e.>:p(-r '<;)]  >), 

the  differential  cross  section  for  splitting  of  the  incident 
photon  of  momentum  k into  two  photons  of  momenta 
(ki.ki-)-t/ki)  in  dQy,  kj  in  dih,  is  obtained  (wave- 
numbers  in  units  of  mc^h,  a in  units  of  k'mc): 

Q*(/i/ nic)-Z"k^ 

adxdUydUi= 

,32-81-25t* 

.%■*(! -a-)*(.l.v*-t-B.v-t-C) 

dxdUydih  cm*, 

lK^/2k^+ 1 

adx=Qk^Zr  cni*/sterad*, 

* F.  Mandl  and  T.  Skyrmc,  I’roc.  Rov,  Soc.  (I.ondon  ) 215,  497 
(1952). 

’ H.  Euler,  reference  t ; V.  Weisskopf.  reference  I ; J.  Schwinger, 
Phys.  Rev.  82.  664  (195t). 
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where  K = k-ki  — kz,  k,=  k—ky,  x=ky/k,  and  A,  .6,  C 
arc  functions  of  the  angles  involved,  say,  cos(k,ki) 
= cos^i  = tt;  cos(k,k2)  = cos^2=  r;  cos(ki,k2)  = cos5i2  = !c. 
Then  in  terms  of  u,  v,  and  /=  1 — jc, 

Ky  2it*  = /.V*-1-  A-  (r  - M - /)  -1  • 1 - r, 

and 

.4  = IS?/*-!-/^-  I‘Al-t-157t-t-l.S7« 

- I,W-  U9u*-f  157Mt')-|-/(278-278r 

-278;<-f  157t--l-157«*-.36?<r), 

//=  - 157/*-t-/*(lW-278t'-36t<-t-278f*-  157u!) 

-f /( - 278-f  363r+ 1 93m  - 278f=- 36«* 

-f36ut-|-  157m!--  157M*t')-t-(j — ;<)  (278 

— 278t'— 278w-|-  157f*-t-157«*— 36»<i), 

C‘ = 0 - »■){ /*(  1 8 -f  1 39f) -f  / (85  - 1 2 1 1— 1 2 1 »< 

-I-  157Mj')-t- 1.39-  1.39i'-f  157r 

-t-18«*-314ut-t-1.39«*2). 

For  the  ]>articular  case  6,  = x ’2,  %i  = it'2,  fli2=T,  ()  is 
found  to  be  1.68X  10“*’ cm* 'sterad*.  The  variation  of 
()t*Z*  with,  for  example,  deviations  of  6y<  from  t for 
fi.xed  8j  = t/2,  di  = -K  2,  is  relatively  slow. 

If  k>  10“*,  .4,  H,  and  C are  very  small  in  the  region 
where  the  term  1 'a-k^  becomes  significant  (i.e.,  as 
K*/2/fe*— 4)).  Then  a rough  estimate  of  the  total  cross 
section  a{k)  is  (4t)*  times  the  differential  cross  section  for 
the  configuration  above,  and  works  out  to  be  about 
0.7X  10-*a’(A  'mc)VZk*  cm*. 

For  high-energy  incident  photons  a simple 

calculation  by  the  Weizsacker-Williams  method,’  using 
the  cross  section  for  high-energy  scattering  of  photons 
by  photons  derived  by  .Achieser,’  shows  that 

a (k)  = 6a’(A  'tnc)'^Zr  \og{7ik)  cm*, 

where  rj  is  of  the  order  of  1 ; a similar  result  using  a 
cruder  estimate  of  the  cross  section  for  high-energy 
photon-photon  scattering  [~a*(/;/mc)*  instead  of 
'^a*ih/mc)'^(]/kyk2)']  has  been  given  by  Williams.*  If 
the  expressions  for  small  k and  for  large  k are  equated 
near  k=2,  then  5»l/2. 

The  author  wishes  to  thank  Dr.  H.  Primakoff  for  sug- 
gesting this  problem  and  for  many  helpful  discussions. 

‘C.  V.  WeizsUcker,  Z.  Physik  88.  6t2  (t934);  E.  J.  Williams, 
reference  4. 

* .X.  .Xchieser,  Physik  7,.  Sowjetuaioo  11,  263  (t937). 
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